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Abstract 
A hydrocarbon-electrocracking process for the production of high-quality carbon nanofibers based on acetylene from 
decomposition of liquid organic waste on a Ni/Al2O3 catalyst is demonstrated. The reaction of acetylene is kinetically slow below 
400 °C and thermodynamically limited above this temperature. Our experimental results suggest that the rate of carbon 
deposition depends on the reaction temperature. The morphological characteristics of the graphene layers grown are studied by 
scanning electron microscopy (SEM), which shows thin, well-formed filaments among much wider nanofibers and a small 
amount of soot. The specimen does not contain free soot, but the nonuniformity of the amorphous carbon coating on certain 
fibers results in the formation of soot-like nanoballs along the fibers. 
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1. Introduction 
A method for catalytically growing carbon filaments with iron and a hydrocarbon feedstock was first patented in 
the 19th century [1], but the interest in the structure of these filaments and their properties emerged in the 1970s 
with the development of transmission electron microscopy, when the mechanistic proposals of Oberlin et al. [2] and 
Baker et al. [3] were reported. Essentially, these fibrils are produced by the catalytic chemical vapour deposition 
(CVD) of carbon from a carbon source, and these fibers were named vapour-grown carbon fibers (VGCF) to 
differentiate them from other types of carbon fibers (CF). In the 1980s, a substantial effort was made to develop a 
continuous method to produce VGCF [4], which can also be termed carbon nanofibers (CNF) if their diameter is 
less than 500 nm. 
The discovery by Ijima in the early 1990s [5] of carbon nanotubes (CNT), which are mainly produced by 
catalytic CVD, increased the interest in the production of various types of carbon nanofilaments (CNT, CNF or 
VGCF) and their applications, such as in hydrogen storage [6], catalyst supports [7], field emission [8], memory 
devices [9] and fillers for polymer composites [10,11]. Therefore, there exists an extensive body of literature 
reporting the production of CNT and CNF by various methods, conditions, catalysts (Fe, Ni, Co and Cu) and carbon 
sources. In fact, there is often a level of confusion about which material produced is suitable for each application. 
Depending on the catalysts applied, the composition of the gas mixtures, and the temperature, one can obtain 
multilayer carbon nanotubes (in which the basal planes are deformed into embedded cylinders parallel to the fiber 
axis), fibers in which the basal planes are perpendicular to the fiber axis, and fibers in which the basal planes are 
deformed into embedded cones and are at an angle to the fiber axis. Mathematical modelling of the production of 
carbon nanofibers, has also rarely been performed [12,13], and few studies are available, which relates the 
thermodynamic and kinetic analyses from the decomposition of methane or/and CO2 in the presence H2.  Chen et al. 
[14] were reported. A kinetic result, an Eley–Rideal model is used to interpret the mechanism for the overall 
reaction: 2H2 + CO2= C + 2H2O. It uses a commercially available Ni/Al2O3 sample containing K additives to enable 
carbon deposition from CO2 exposure by catalytic hydrogenation. The results suggest that K additives induce the 
formation of carbon nanofibers (CNFs) or carbon deposition onto Ni/Al2O3 during the CO2 hydrogenation reaction, 
suggesting that the rate of carbon deposition depends on the reaction temperature, the H2 and CO2 partial pressures, 
and the reactant residence time. Furthermore, it suggests that the creation of a K-containing active phase may be 
involved in the carbon-deposition process; the results also indicate that the degree of CNF graphitisation can change 
with the reaction time. 
In the present paper, we report our use of a variety of techniques to perform detailed thermodynamic and kinetic 
analyses of CNF formation from electrocracking of gas (the subsequent analysis demonstrated that the catalytic 
decomposition of C2H2 was the major route for the growth of carbon nanofibers), and a detailed characterisation of 
the CNFs in the growth process using X-ray diffraction (XRD), Raman spectroscopy. We also discuss the effects of 
the H2 and C2H2 concentrations on the carbon deposition and on the growth mechanisms of CNFs in the carbon 
structure. 
2. Experimental 
2.1. Catalyst preparation 
The composite catalyst used in this investigation was obtained from the activation of coprecipitated Feitknecht 
compound (FC). FC was synthesised by mixing solutions of Ni(NO3)2·6H2O and Al(NO3)3·6H2O such that the final 
solution was 3 wt% Ni and 1 wt% Al2O3 (Aldrich). The salts were dissolved in distilled water along with a certain 
molarity of Na2CO3 to induce precipitation under vigorous stirring. In this study, we synthesised (FC) with an 
atomic ratio of Ni2+/Al3+=3/1 (w/w). The precipitate was then washed with D.I. water to remove the Na+ residue. 
The coprecipitated samples were subsequently filtered, and the precipitate was dried at 100 °C for 8 h. All catalysts 
were used after calcination in air and reduction in H2 at 500 °C for 5 h. 
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2.2 Source of hydrocarbons 
The liquid organic waste used in this investigation were obtained from a local refinery. The equipment used in 
this investigation included a laboratory reactor for the decomposition of petroleum products in low-voltage electrical 
discharges, as shown schematically in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic of the reactor used in the decomposition of liquid organic waste. 
 
The reactor is stainless steel, vertical and cylindrical, with a water jacket designed for loading 700 ml of raw 
material. This container holds fixed, stationary graphite electrodes in the form of graphite rods arranged in parallel, 
with a spacing of 1 mm. On the electrodes, there is a mobile, intermediate contact, and a graphite ball with a 
diameter of ~6.5 mm is positioned between the rods. When voltage from the power supply is applied to the 
stationary electrodes and a ball arc discharge occurs, the raw materials decompose, producing gas and soot. The gas 
was collected to study the decomposition of the electrocracking liquid- organic waste. The gas composition is 
given in Table 1.  
 
                                               Table 1. Composition of the electrocracking gas liquid organic waste. 
 
 
 
 
 
 
 
 
2.3. Synthesis of the carbon nanofibers (CNFs)  
 
As shown in Figure 2, a flowing laboratory setup was used for the synthesis of the CNFs, including an integrated 
reactor. The electrocracking gas was displaced from the electrocracking gas by water through a valve, regulated by a 
component % vol. 
H2 64 ± 1.0 
CH4 6.4 ± 1.0 
C2H6 0.7 ± 0.1 
C2H4 6 ± 1.0 
C3H6 0.8 ± 0.1 
C2H2 22.1 ± 1.0 
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control valve, and operated at atmospheric pressure, as set by a water U-tube manometer. The gas flow to the reactor 
was precisely regulated by calculating the gas hourly space velocity (GHSV) and then sent into a rheometer to 
ensure that each sample was subjected to the selected GHSV. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Schematic of the laboratory setup for the synthesis of carbon nanofibers (CNFs). 
 
The gas flow was in the direction of the quartz reactor. The catalyst samples (0.5 g) were placed into a fixed bed 
in the centre of the reactor tube (inner diameter, 10 mm) inside a split furnace. The temperature in the reaction zone 
was measured by a thermocouple and registered. The reaction was followed as a function of time by sampling both 
the input and output gas streams at regular intervals and analysing the reactants and products with an LHM- 8 gas 
chromatograph and a thermal-conductivity detector (TCD). The current bridge detector was set at -90 mA, and the 
carrier gas flow (nitrogen) was set at 25 ml/min. The column was 7 m in length and thermostatted at 80 °С. This 
chromatograph was specially configured (columns and microvalve switching) for light-gas analysis, i.e., alkanes 
(C1-C5), alkenes (C2H4 and C3H6) and alkynes (C2H2). These experiments were also performed using quartz as a 
reference material under analogous conditions and with the same weight as used in the catalyst experiments to 
evaluate the reaction selectivity of the carbon nanofiber formation. The total amount of carbon deposited during 
exposure to the stream was determined by the material balance.  
 
2.4. Characterisation  
 
The nature and characteristics of the carbon nanofiber product were ascertained using a combination of 
techniques. Scanning electron microscopy (SEM) was performed using a Nova nanoSEM field-emission scanning 
electron microscope (FESEM, FEI Company, Hillsboro, OR) operated under high-vacuum conditions using an 
Everhart-Thornley (ET) detector as a secondary electron and a high-resolution in-lens thermoluminescence detector 
(TLD). The parameters were 5 kV, a spot size of 2.7, a 3.5 - 4-mm working distance, a 30-μm objective aperture, 
and magnifications of 25 - 200K.  
 
 
 
 
 
36   Ali Sami and Abdullah Hussein /  Energy Procedia  74 ( 2015 )  32 – 43 
3. Results and discussion 
 
3.1 Effect of reaction parameters on the CNF synthesis  
 
CNFs were produced in this study. To obtain a high yield and purity, three key parameters were optimised, 
namely, the source of the hydrocarbons, the reaction temperature, and the gas hourly space velocity (GHSV). As 
raw materials, the carbon atoms produced by the electrocracking of the liquid-diesel fractions with a composition of 
(64.0% H2, 6.4% CH4, 0.7% C2H6, 6.0%C2H4, 0.8% C3H6, 22.1%C2H2) and the ratio of C2H2/H2, which is 
equivalent to ~1:2.9, were fixed for all experiments. The experiments were performed over the temperature range of 
250 to 550 °C, with flow rates (GHSV) of 9.95, 13.52 and 17.56 ml/min and GHSV values of ~991, 1347 and 1749 
h-1. Using 0.5 g of catalyst, the carbon atoms bonded together in the presence of the Ni-Al2O3 catalyst (Ni 3wt% and 
Al2O3 1wt%). The data presented in Table 2 show that carbon was formed due to decomposition of acetylene at low 
temperatures to 350 ºC. An increase in the concentrations of ethylene and ethane in the effluent gas suggested that 
acetylene hydrogenation occurred along with decomposition when the temperature reached to 550 °C. We only 
observed H2 and CH4 in the effluent gases. The data were calculated by using the carbon-atom mass balances. 
 
 
         Table 2. Percentages for the gas-phase product distribution as a function of the synthesis conditions over Ni-Al2O3 (3:1) for 40 min. 
 
It is evident that the optimal temperature for this reaction is approximately 350 °C. As the temperature shifts 
either above or below this level there is a precipitous drop in the yield of solid carbon. As a consequence, all 
subsequent reactions were performed even at 550 ºC. The effect of the reactant composition on the yield of the solid 
carbon produced from the interaction with the Ni-Al2O3 catalyst was determined after 40 min at 350 °C. Usually, the 
yield of solid carbon product at this temperature consists of a very small percentage of soot and the absence of 
pyrolytic carbon, accompanied by the formation of solid carbon and also pyrolytic carbon in the thermocatalytic 
decomposition of hydrocarbons. A similar temperature dependence was previously reported for CNF formation from 
acetylene decomposition and in the presence of a γ-Fe2O3 catalyst [15]. Table 2 shows that the optimal yields of 
solid carbon occur at a flow of 17.56 ml/min (GHSV~1749 h-1). An example of the optimal yields of solid carbon is 
shown in Figure 3a-c, which shows the rate of carbon formation as a function of the residence temperature. 
 
 
 
Synthesis conditions Effluent gas composition, vol.% Carbon 
yield, g/(l 
gas) Temperature, °C GHSV H2 CH4 C2H6 C2H4 C3H6 C2H2 
h-1 
  991 68.66 11.76 0.78 8.54 1.66 8.60 0.06 
250 1347 70.24 12.23 0.82 8.65 1.84 6.22 0.07 
  1749 71.25 13.00 0.84 8.76 1.73 4.42 0.09 
  991 73.89 13.46 1.09 8.83 1.62 1.11 0.11 
350 1347 75.20 13.15 1.06 8.92 1.67 0.00 0.13 
  1749 76.22 13.03 1.18 8.44 1.13 0.00 0.15 
  991 79.92 13.35 1.05 4.64 1.04 0.00 0.11 
450 1347 83.36 10.56 1.18 4.48 0.42 0.00 0.12 
  1749 85.38 9.45 0.81 4.27 0.09 0.00 0.13 
  991 88.94 9.53 0.71 0.82 0.00 0.00 0.11 
550 1347 91.04 7.94 0.33 0.69 0.00 0.00 0.12 
  1749 93.34 6.66 0.00 0.00 0.00 0.00 0.12 
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Figure 3. Catalytic decomposition of the electrocracking gas at various GHSV values as a function of the reaction temperature. (a) Formation 
rates of CNF over g/lgas and (b) over g/min. (c) Formation rates of pyrolytic carbon over g/min. 
 
 
The reaction leading to the formation of solid carbon must be thermodynamically favoured at the chosen 
temperature and atmospheric pressure. This information can be extracted from the change in the Gibbs free energy. 
In the case of the decomposition of hydrocarbons (pyrolysis), ∆fG depends on the reactivity of the hydrocarbon (Fig. 
4 a). Methane is the most stable hydrocarbon molecule. Its decomposition is only thermodynamically favoured 
above 600 °C, whereas ∆fG is already negative at 200 °C for ethylene, acetylene and benzene [16-18]. 
Experimentally, this reaction for acetylene is kinetically slow below 400 °C and is thermodynamically limited above 
this temperature (Figure 4b). 
Figure 4. Thermodynamic data calculated with the ChemKin database. a) Gibbs free energies of formation for 
various carbon precursors. The energies are normalized to the number of carbon atoms in the precursor and 
correspond to its pyrolysis (b) Gibbs free energies of typical reactions C2H2. The energies are normalized to the 
number of solid carbon atoms. 
 The process in the reactor is calculated using a kinetic model of the formation of carbon nanofibers from 
electrocracking gas mixture at atmospheric pressure on a nickel-containing catalyst with consideration of catalyst 
deactivation, there are several mechanisms of formation of CNFs from a CH4-H2 mixture and CO2 hydrogenation, 
while mechanisms of CNFs from acetylene be rarity in the literatures. Presupposed acetylene adsorbs on one or two 
active sites to form an intermediate complex (ZC2H2 or Z2C2H2) and its subsequent decomposition to form a carbide 
phase type ZC, ZC2 or Z2C2, where Z - active metal centre . 
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Figure 4. Thermodynamic data calculated with the ChemKin database. a) Gibbs free energies of formation for various carbon precursors. The 
energies are normalized to the number of carbon atoms in the precursor and correspond to its pyrolysis (b) Gibbs free energies of typical reactions 
C2H2. The energies are normalized to the number of solid carbon atoms. 
 
It is assumed that the decomposition of the intermediate complex is the rate-limiting (or rate-determining) and 
irreversible step. Carbide phases ZC, ZC2 and Z2C2, in their ability to formatted CNF equivalent active centre Z. The 
proposed sequence of elementary steps show as followed:  
 1- C2H2 + 2Z                                Z2C2H2                                                                                                              (1)    2-  Z2C2H2                                    Z2C2+H2                                                                                                              (2)  3- Z2C2              Z +ZC2                                                                                                                       (3)          
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The equation, r = K3.θZ2C2, can be attributed to the rate of carbon formation. Use a steady-state approximation to 
obtain θZ2C2: 
 dθZ2C2dt = K1 .CC2H2.θZ2-  .θZ2H2.CH2-K3.θZ2C2=0                                                                                        (4) 
 	 = 

 . 

 .  .                                                                                                                                  (5) 
 
since θZ2C2H2 is equal to: 
 

 . 	.  = 

 . 	.                                                                                                                        (6) 
 
Step (1) is assumed to be in quasi-equilibrium, it can obtain the θZ as followed: 
  +  +  = 1                                                                                                                                 (7)  
to calculate the θZ, can be expressed as a product of linear factors with coefficients only, where D= b2-4ac≥0, and 
the quadratic equation has real roots given by: 
 
 = −b + √D2a  
 
then: 
 
 =  . .  . . .  .                                                                                                              (8) 
 
 
	 = 

 . 

 .  . 
. .  . . .  . 

                                                                 (9) 
 
 now substituted into the rate equation is: 
 
r = ! .  . "#$.
 %.&$. %. '

                                                                                                        (10) 
 
where r is the maximal specific carbon formation rate depending on the composition of the gas mixture and 
temperature. Calculation constants A and B produced using Statgraphics Plus version 5.1 program at the existence 
of the concentration of acetylene and hydrogen, the model is based on an analysis of experimental kinetic data 
obtained at temperatures of 250 ºC and 350 ºC. The reaction order may be adjusted with concentration of acetylene 
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in the mixture of electrocracking gas content from 4.1 to 7.8 mmol/L, 11.6 to 22.1 mmol/L, respectively, Figure 5 is 
illustrated suggests an apparent activation energy of the reaction is 12.86 KJ/mol, and the reaction rate constant can 
be determined by the equation: 
 ! = 13.39. *,/456  
 
 
Features of the process kinetics are vividly illustrated by the case where carbon forms on catalyst particles at 
constant temperature and composition of the gas medium (CC2H2 constant). Since the mechanics of this model did 
not match fully with mechanism Langmuir-Hinshelwood or Eley-Rideal, due to the presence of other varieties of 
hydrocarbons with acetylene within the contents of the electrocracking gas, as we have said previously, that the 
subsequent analysis demonstrated that catalytic decomposition of C2H2 was the major route for the growth of carbon 
nanofibers.  
 
Figure 5. Arrhenius plots for rate of carbon formation on Ni/Al2O3 catalyst. The linear regression line  
correspond to an activation energy of about 12.86 KJ/mol 
 
The rate law is complex and there is no clear order respect to any of the reactants but we can consider different 
values of the constants, for which it is easy to measure integer orders, if considered the molecule of acetylene 
reactant has very high adsorption, be the reaction order is 1 with respect to other varieties of hydrocarbons. In this 
case K.CC2H2/H2, K. CC2H2>>1.therefore, the observed positive effect of H2 concentration on the carbon deposition 
rate might involve the formation of a reaction intermediate that leads to accelerated CNF generation, and increasing 
H2 leads to elevated gasification rates of surface carbon that subsequently hinder the catalytic action of the metal 
surface and the chemisorbed species, it must be noted that the ratio of hydrogen to acetylene 3:1, however we failed 
to observe H2 gasification of CNF synthesized from electrocracking gas. Here we must refer to the belief that there 
is a limitation in the applicability of the rate of reactions, which is formation of coke and deactivation of catalyst.  
For catalytic reactions involving hydrocarbons (or even carbon oxides) side reactions occur on the catalyst 
surface leading to the formation of carbonaceous residues (usually referred to as coke or carbon) which tend to 
physically cover the active surface. Coke deposits may amount to 15% or even 20% (w/w) of the catalyst and 
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accordingly they may deactivate the catalyst either by covering of the active sites, and by pore blocking. 
Mechanisms of carbon deposition and coke formation on metal catalysts have been detailed in several reviews [19-
23]. The rate-determining step is presumably the hydrocarbons dissociation leading to the formation of various 
carbon forms. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Field emission scanning electron microscope (FESEM) images of the carbon nanofibers synthesized from the Ni-Al2O3 (3:1) catalysed 
decomposition of electrocracking gas (a and b) at 350 ºC. The inset shows the formation of soot-like nanoballs along the fibers associated with 
the “fishbone” structure (c and d) at 550 ºC 
 
 
Under the reaction conditions used in this investigation, FESEM images revealed that the solid carbon product 
consisted entirely of carbon nanofibers. The materials did, however, exhibit physical and morphological 
characteristics that were a function of the catalyst and reactant compositions. Figure 6a presents a typical FESEM 
image of the product of reacting the Ni-Al2O3 catalyst in the electrocracking gas mixture, showing thin, well-formed 
filaments among much wider nanofibers and soot. The specimen does not contain free soot, but the non-uniformity 
of the amorphous carbon coating on some fibers results in the formation of soot-like nanoballs along the fibres. As 
previously reported by Masuda et al. [24,25], this is caused by metal particles seeded over preformed nanofilaments. 
Generally, there are large differences in the fibre diameters and, despite these balls, the fibers are quite straight. 
Figure 6a shows that the CNFs have diameter ranging from 230.0 nm to 227.4 nm and lengths exceeding several 
micrometers. Closer observations reveal that most of the CNFs with smooth and round surfaces are bent, and a few 
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are curly. Neither soot nor irregularities are observed along the length of the nanofibers and the fibers appear quite 
uniform in size. 
From a general overview in Figure 6a-b, it is clear that the fishbone carbon form of this nanofiber with a hollow 
core. Although the carbon nanofibers are not straight with a crooked morphology, it seems that the nanofibers are 
opened and catalytic particles were detected, there are mainly three types of CNFs: the fishbone or herringbone 
CNFs (f-CNFs), their graphene layers stacking obliquely with respect to the fiber axis; the platelet CNFs, their 
graphene layers being perpendicular to the axis; the ribbon CNFs, their graphene layers paralleling to the growth 
axis[26]. 
 
4. Conclusions 
 
This study demonstrates that carbon nanofibers with a diameter between 230.0 nm to 227.4 nm for most of the 
fibers can be synthesized uniformly and densely from electrocracking products of the decomposition of liquid 
organic waste on Ni-Al2O3 catalyst. The highest conversion of the carbon-containing electrocracking gas reactant 
towards solid carbon occurred at 350ºC and a gas hourly space velocity of 17.56 ml/min (GHSV~1749 h-1)via 
interaction with a Ni–Al2O3 catalyst. Subsequent analysis demonstrated that the catalytic decomposition of C2H2 
was the major route for the growth of carbon nanofibers. We found the formation of solid carbon from the catalytic 
decomposition of electrocracking gas at various GHSV values as a function of reaction temperature at 250-350 ºC 
must be thermodynamically limited above this temperature, kinetically have been proposed model to describe the 
rate law, although no clear order respect to any of the reactants but we can consider different values of the constants, 
for which it is easy to measure integer orders, if considered the molecule of acetylene reactant has very high 
adsorption, be the reaction order is 1 with respect to other varieties of hydrocarbons, where was calculated of 
Arrhenius plot, the apparent activation energy is found to be 12.86 KJmol-1. Structure analyses by FESEM 
suggested the carbon layers of nanofibers have a uniform orientation that perpendicular to the fibre axis and that the 
graphite layers are stacked with a fishbone structure and a hollow core. 
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